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Tissue Culture
in Microgravity

by Paul H. Duray, Steven J. Hatfill, and Neal R. Pellis

Attempts to simulate
normal tissue micro-
environments in vitro
have been thwarted by
the complexity and
plasticity of the extra-
cellular matrix, which is
important in regulating
cytoskeletal and nuclear
matrix proteins. Gravity
is one of the problems,
tending to separate com-
ponents that should be
kept together. For space
shuttle experiments,
NASA engineers devised
a double-walled rotating
bioreactor, which is prov-
ing to be a useful tissue
culture device on earth
as well as in space.
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ach tissue in the body is com-
Eposed of a2 dynawmic assem-

blage of multiple stationary
and migrating cell types that are
embedded in e complex macromol-
ecular structure. This extracellular
matrix (ECM) consists of polymer-
ized collagens, structural glycopro-
teins, elastin, glycosaminoglycans,
adhesive laminin, and fibronectin,
arranged in a complex wesh that is
constantly bathed by the fluid of
the interstitial tissue space.

The composition of the ECM is
variable depending on the type of
tissue and its stage of development,
and some of the components may
undergo a transient change in disv
tribution in response to environ-
mental stimouli or disease states.
The cells and composition of the
extracellular matrix together with
the varijous cytokines and growth
factors found in the interstitial
fiuid form a series of discrete con-
pected microenvironments which
are particular to any given tissue.

It is well established that cells
constantly interact with each other
and with their surrounding local
microenvironment, and that this
communication serves to integrate
and coordinate the various gene ex-
pression patterns that are crucial
for tissue funcon and homeostasis.
Two major signal pathways partia-
pate in the eooperative call commu-
nication process.

The first pathway involves the
secretion of soluble growth factors
and control factors into the micro-
environment by the surrounding
csolls or, in the case of hormones, by

cells in distant tissue wicroenviron-
wments. This signalling process has
been recognized for many years, and
a number of individual signalling
cascades can now be described in
jatricate biochemical detail

The second major pathway for
cooperative signalling is less well
understood. It involves the constant.
feedback of sippnals generated by
the direct contact of cells with the
components of their extracellular
matrix. Originally thought to sup-
ply only structuryd support for the
cells of a tissue, the ECM is now
lnown to be critical for regulating
cell morphology, protiferation, and
Jdifferentiation, and it is capable of
responding to various endogenous
and exogenous stimuhi.

In vaitro studies indicate that cell-
generatad forces of tenwion within
a tissue can act to organize the
ECM into structures that direct
the behavier of single cells by influ-
encing cell elongation, alignment,
and migration. Such forces also
belp to create important positional
information, which maintains the
characteristic three-dimensijonal
histological architecture of a piven
tissue type. '

In addition, the balarce between
the forces of callular tension and
the viscoelastic resistance of the
ECM appears to generate a “solid
state” signal between ECM fiber
proteins, the cytoskeletoa of the
cell cytoplasm, and the protein-
chromatin scaffold formed by the
puclear matrix. Cooperative signal-
ling interaction between the ECM
end the cytoskeieton can effect
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chanpes in the architecture of the
puclear matrix proteins, which in
turn can promote the co-localiza-
tion of transcription factors with
the chromosomal regions involved
1n tissue-spedfic gene expression.

1t bas alao becoroe spparent that
the extracellular matrix indirectly
regulates cell behavior by modulat-
ing the availability of the soluble
growth factors and control factors,
which have to diffuse through the
ECM mesh to reach their target
cells. An increasing number of cyto-
kines, hormooes, and growth factors
are now known to be able to bind
to particular ECM formats. These
binding interactions can change the
diffusion rate of chewmical signals
through the microenvironment, ac-
tivate or sequestar various growth
factors, and localize or increase the
duration of their effects on the sur-
faces of target cells.

How the extracellular matrix
and the microenvironment influ-
ence cellular differentiation and
tissue function 15 only beginmng to
be deciphered, yet sevsral mecha
rnisms have already been wnplicat-
ed 11 a number of buwman dicesse
processges, including muscular Jyve
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trophy, osteoporosis, glaucoma,
liver cirrhosis, and the local inva-
sion and metastasis of cancer calls.

Thc ability to grow human cells
outgide the body under static
artificial conditions has done much
to enhance humsay health and ad-
vance understanding of the physi-
ology and molecular biology of gene
expression and regulation in single
cells. However, the inherent com-
plexity of three-dimensional extra-
cellular signalling and the remark-
able plasticity observed in the com-
position and structure of the ECM
msake it difficult to study these
interactions using conventional cell
culture techniques. More advanced
methods are needed for culturing
cells in the contaxt of their native
three-dimensional cytoarchitecture
and tssue microanvironmant
Unfortunately, it bas proved
extremely difficult to promote the
high-density three-dimensional in
vitro growth of human tissues that
have been removed from the by
and deprivad of their sormul in
ive vascular sources of outrients
and gas exchange. A vanety of tis-
sue explunts can be maintained for
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An exteacallular matrix scetiold not
only provides suppod for a tissue but
alzo transmits important posflional and
mechanical signais to the cytoskeleton.
From the cyloskeleton, these signals are
transmitted to nuclear matrix proteins,
which act to control the expression of
various genes by the cells of 8 tissue.
Betwean cells, cooperative signaling
invoNos aecrelion of chemical messen-
gers inta the exiracelivlar xpace. This
coliection of cells, extracellular matrix,
cylokines, and growth {actors comprise a
microenvironment that is the basis of
normal| tissue structure and function.
Superimposed on the microsnvironment
is the higher order of contral provided by
hormonses secreted into the bloodstream
by cells in distant microenvironments.
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Schemetic drawing of the rotating wall
vesoel bioreactor, An electric motor
drives a belt tht rotates the cukure vas-
sel about fis axis. An air purnp draws in-
cubator air through & 0.22 um finer and
discharges #t through a rotatng coupling
on tha shafl that camies the vessel. The
air pyrp moves about 1 [fer ot air pér
rminute. An oxygenator membrane is
wrapped around the center post

BIOREACTORS

In biomedical research. the metabol-
¢ activity ol cuttured cells must be
monitored and thelr environment
optimally adjusted ta promote both
their long-term maintenance and a
high cell densfty. Thesa requiremeants i
nacessitals well-batanced transpon
of nutrients to the cuttured cells as
well as the efficient withdrawal of
toxic wastes and Inhibiery metabolic
byproducts.

A bioreactor s axsertially any device
that provides the trangport sysiem
tor this process. Basad on the prin-
ciples of fluid dynamics, a number
of differertt bioreactor designs have
besn developed to optimize oxygen
ranster sificiency for a specific cell
density and rate of nutrient delitvery.
Biorsactors range from bench-1op
laboratory devices lo large lanks
sutmble for comenercial biotechnol-
ogy applications.
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a short period of tme on a support-
jve collagen matrix surrounded by
culturs medium. But this system
provides only Limited mass transfer
of nutrients and wastes through
the tissue, and gravity-induced
sedimentation prevents complete
three-dimensional cell-cell and cell-
matrix ipteracions.

Single-cell co-culture techniques
have been developed to overcome
these problems; examples are bub-
ble-free oxygenation, porous micro-
carrier beads, and hollow fiber and
fluidized bed bioreactors. These pro-
vide excellent mass transfer rates
and facilitate high-density cell
growth However, because much of
the extracellular matrix and cyto-
architecture in a tissue is Jaid down
during embryogeuesis, it is impos-
pible to recreate a normal] microen-
vironment using only collections of
well-differentiated cell types.

NASA Has Developed a
Rotating Wall Bioreactor

The Awd-filled rotating wall vesssl
{(RWV) ioreactor is a recently de-
veloped cell culture device that is

able to successfully integrate cell-
cell and cell-matrix co-localization
and three-dimensional interaction
with excellent low-shear mass
transfer of nutrients and wastes,
without sacrificing one parameter
for the other. Designed by Ray
Schwarz and assistant engineers
in conjunction with the Johnson
Manned Spaceflight Center, the
RWYV bioreactor consists of a cylin-
drical growth chamber that con-
tains an inoer co-rotating cylinder
with a gas exchange membrane.

Cells and liquid culture media
are placed in the space between the
inner and outer cylinders, and the
assembled device is rotated about
its longitudinal axis. Because of
viscous coupling, the liquid inside
the vessel accelerates until the
entire fluid mass is rotating at the
same angular rate as the outside
wall Microcarrier beads and cells
in this environment obey simple
kinematics and are uniformly sus-
pended in the fiuid at a given rota-
tionzal speed.

The suspended cells rotate as &
salid body with minimal disruptive
shear, and the cells maintain their

SCIENCE & MEDICINE
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relative positions for long periods,
allowing them to touch one another
or to coastruct bridges between the
microcarrier beads. In addition,
chamber rotation subjects the cells
to a constantly changing angular
gravity vector. Constant random-
ization of the normal gravity vector
suljects the cells to a state of sitou-
lated free fall, similar in some re-
gpects to a microgravity environ-
ment aod alan to the free fall sxpe-
rienced for much shorter periods
by aircrafl in parabolic fight.

The fluid dynamic operating
principles of the RWV culture sys-
tem thus encompass solid body ro-
tation about a horizontel a0s with
some degree of three-dimensional
spatial freedom, oxygenation with-
out turbulenee, high mass transfer
rates, low fluid shear forces, and
the oo-localization of particles that
have differsnt sedimentation rates.

The KWV bioreactor was origi-
nally intended to protect delicate
cell cultures from the high shear
forces generated during the launch
end landing of the space shuttle.
When the device was tried for cell-
line suspension cultures on the
ground, celle were seen to agpre-
gate and form larger structures
ressmbling tissues. This observa-
tion offered the exciting possibility
that the bloreactor might be used
to study the interactions of multi-
ple cell types and their association
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with proliferation and ellular dif-
ferentiation during the early steps
of tissue formation

Tissue Equivalents
Can Be Constructed

The rotating wall vessel bioreactor
has already been used to develop a
numbear of three-dimensional cell
wodels that can mimic in vivo re-
sponses particular to certain types
of tissue. At the University of Penn-
sylvania, Portonovo Ayyaswamy
and colleagues have used the RWV
bioreactor to co-culture rat bone
marrow stromal cells together with
surpended microcarrier beads. They
observed the formation of complex
600 pm structures bound together
by a collagen-rich ECM, with calc-
um phosphate deposited within the
newly secretad matrix between the
beads.

The RWV bioreactar has been
recently used at the University of
Wisconsin to co<ulture rat adrenal
chromaffin cells together with a
microvascular endothelial cell line.
Self-forming “organocids”™ were ob-
served after 20 days in culture.
They contained normal-appearing
adrenal cells surrounded by un
extracellular matrix composed of
fidsronectin and type TV callegen,
and they cootinued to grow unt:l
they reached smizes simular w a nnr
mal rat adrenal gland.

e P 006

The RWYV bioreactor cunture chamber
rotating at 35 mm, showing the lree-fall
rohavior of explanted blocks of human
tonsiFar lissue. The tissus explants re-
tained 8 normal histological cytoarchitec-
turg after 10 days of centinuous culiure
under simuiated microgravity conditions.
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for 14 days shows intact endothelium, myo-  reactor. The

H&E stain. Original magnification X 200. hair lollicies.

Human Iiver tissue obtained four hours post mortem and
cultured as 0.5 mm axplants fot five days. The hepabic cords
are intact, and the brown staining is indicative of bilirubin
production by soma of the hepatocytes. HAE stain. Original
magnification X 600.

Accessory salivery glend tissue culured Fulkthkekneas human skin explants grown for 14 days in the RWV bio-

epithelial colls in the minor salivary gland  layer over subcutaneous tissue. Higher-power views revealed the presence
lcbules, and ymphocytes in the tissye strorra of melanooytes in the sections. The ayht pans! shows maintenancs af intact

/et panel shows continued preservalion of an intact basal cell

H&E stain,

Bohe mamow cells obtained as a by-product of fotal hip
roplacement and grown for seven days on an ardficial colla-
gen matrix. Lymphocytes, myeloid precursors, erythroblasts,
and stromal ¢ells can be identified by immunohistochemical
staining. H&E stain. Original magnification X 800.

Lung carcinomas. Lefl panel Section
ot an adenocarcinoma bicpsy laken aher
seven days in cukure shows viabls neo-
plagtic celle with invasion into the sur-
rounding tlissue. HLE stain, Qrainal mag-
nification X 800.

Right panel, Section of 4 lurg biopsy
taken aftar 14 daye 1n cullure ghows
virtyally compiole replacermwnt of
ussue with squamous carcinerna. —h%
stain, Original magnficeban X 100
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Other investigators have shown
that human carcinoma cells in
RWYV culture can aggregate into
Jarger thres-dimensional multicel-
lular aggregates exhibiting differ-
entiated glandular structures that
are capable of secreting mudin.

pitial experiments with single-

cull suspensions and “organoid”
formation in the RWV bicreactor
suggested that this culture system
wight be a useful tool for mnstruc-
ting tissue equivalents, which are
in vitro models of tissue made by
co-locelizzng its major cell types
within a single culture flask. At the
University of North Texas Health
Science Center, S. Dan Dimitdje-
vich and co-workers have used the
RWYV hioreactor to generate human
skin equivalents from suspension
cultures composed of isolated fibro-
blasts, keratinocytes, and stratified
squamous epithslial cells. A num-
ber of laboratories are exploring
the ability of the RWYV bioreactor
to create several types of impor-
tant tissue equivalents.

Cartilage and endochondral bone
formation is an example of 8 devel-
opmental process in which the ex-
tracellular matrix and microenvi-
ronment play critical roles. Under-
stapding the mechanisms involved
in the formation of these tissues
would have important clinjcal sig-
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nificance for a vaniety of human
disease processes. Initial experi-
meants at the NASA Johnson Space
Centsr demonstrated that embry-
onic limb mesenchymal cells could
form sggregates containing more
differentiated chondrocytes that
responded to the RWV culture con-
ditions by secreting a variety of
ECM components.

Spurred by the possibility of
using matrix-secreting RWV cul-
tured chondrocytes as clinjcal im-
plants, Lisa Freed at the Massa-
chusetty Institute of Technology
and researchers at Boston Univer-
sity and the Georgia Institute of
Technology have explored the use
of the RWV bioreactor to construct
cartilage tissue equivalents. Bovine
chandrocytes were cultured using a
polyglycolic acid polymer scaffold
and various ¢ytokine cocktails to
form cartilage tissue constructs.

On earth, these constructs were
found to formo sheets 2 mm thick,
with normal-appearing lacunae
and cartilage-specific ECM pro-
teins comparable to normal mam-
malian cartilage. With the proper
culture media, the constructs ware
shown to be able to undergo miner:
alization, similar to normal endo-
cbondral bone formation in the
body. Duplicate RWV experiments
that were flown for four continuous
months on the Mir space station

Mav'Juna 1997

Flight-rcedy hardware designed by
NASA for RWV bioreactor experiments
on the space shuttie and Mir space sa-
ren. Culure condiions within the AWV
chamber are continuously mondored and
opumized during spage fiight by mucro-
procassor control. in this version, the
inner wall of the chamber rotates at a
shghtly ditersnt angular rate than the
outside wall to promote mxing of nutri-
ents and dissafved gases in the culture
msdium during exposure to the micre-
gravity snvironmen’ of space.
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Human tonsil tissue grown for 10 days
in the AWV biorsacter. Morphologically
viable hmphocytes are located within an
intact joliicle garminal center. HAE stain.
Original magnification X 800.

Productive infection by MIV-1 is sup-
ported by hurman lymphoid tssue cultured
in the RWV bioreactor without the addi-
tion ol exogenous cytokines or growth
tactors. The graph shows the accumula-
tion of HIV-1 p24 prowgin in the culture
madium of an RWV bioreactor that con-
tained blocks of human tonsil tissue in-
tectad with HIV-1,
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have demonstrated upportant dif-
ferences between cartilage tissue
equivalents formed on earth and in
space. Such experiments will lead
to a better understanding of thae
effects of long-duration spacs flight
and may provide new strategies for
investigating bons repair, ostaopor-
osis, and ostsoarthritis.

Tissue Explants
Can Be Maintained
for Long Periods

The ability of the RWV bioreactor
to model certain aspacts of tissue
formation, such as the secretion of
extracsllular matrix components
and construction of tissue equiva-
lents, during the w-culture of miul-
tiple cell types bas prompted inves-
tigators to examine the possibility
that RWV culture might be able to
maintain the actual native micro-
environments and cytoarchitecture
of explanted human tissues. Exper-
nents by Joshue Zimmerberg and
Leonid Margolis at the National
Institutes of Health have shown
that the RWV bioreactor can main.
tain the structure of humen Iyw-
phoid tissue explants.

Blocks of tonsd tissue subyected
to RWYV culture have txen shown
to be abie to maintuin s normwel
CD4 to CDB T cell ratic und a his-
tologically normai svtoarchiteciurs

—

for up to three weeks in vitro. The
RWYV explants are capable of gon-
erating a functional secondary im-
mune response to selected astigens
and can support a productive infec-
tion by HIV-] without the addition
of exocgenous cytokines to the cul.
ture medium. During HIV infec-
tion, the lymphoid Gssue explants
demonstrated progressive lass of
CD4 cells and the developmant of
a disorganized cytoarchitecture
similar to that observed in AIDS
patients. Addition of the antiviral
agent AZT to the RWV culture
medium inhibitsd HIV replication
within the cultured blocks of lym-
phoid tissue.

The RWV bioreactor is also being
used to test the effectiveness of
other antiviral agents in the con-
text of 2 native tissue microenvi-
ronment. Mike Bray and his co-
workers at the U.S. Army Medical
Research Institute of Infectious
Diseases at Fort Detrick are cur-
rently using RWV cultured ex-
plants of human Lver, splean, and
lymph nodes in an affort to 8nd
new compounds that cowld be used
to treat patdents infected with the
lothal Ebola virus

In other experunents, the NASA
bioreactor haes been nble wu pre
serve the normal tires-dimension-
al semicture of expiuntad haman
Prosate Lissue wnocudture. Afer an
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initial period of reorganization, ex-
planted blocks of prostate tiszue
have been shown to maintain both
tululoglandular and fibromuscular
stromal elements during six weeks
of continuous RWV culture. When
added to the culture medium of the
bioreactor, malignant prostste epi-
thelial cells can attach to and in-
vade the normal fibromuscular
stroma of the tissue. This provides
a useful model for the study of
host-tumor cell interactions in the
human prostate.

The development of a variety of
buman epithelial cancers is thought

Maviline 1937
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to follow an ordered progression
from wetaplasia to dysplasia and,
later, to carcinoma in gitu. Bruca
Johnson and his associates at the
Medicine Branch of the National
Cancer Iostitute are using the
NASA bioreactor to study the
metaplastic phenotype in hwman
bronchial epithelium. Using micro-
dissection and reverse transcrip-
tion PCR, these investigators are
trying Lo isolate the genetic changey
responsible for the preneoplastic
pbenotype and to discern the possi-
ble effect of retincids in reversing
the procass.

The human P4 pathogenic virye Ebolo-
Znire raplicating in human toncillar ticzue
cultured tar six days post infection n the
RWV bioreactor. The infectious Ebola
virus particlos are the elongaled electron-
dense structures in the center of the
trenamission electron micrograph.

Human lymphocytes constantty ¢ir-
culate trom the penpheral blood into the
complex microenvironments of lymphoid
tssues and back intc the bloodstream.
This picture, oblainod by cenfocal micre-
scopy, shows the abilty of the RWV bic-
reactor to model lymphocyte tratficking.
Fluorsscently labsied human tympho-
cytes were placed into tha autture medum
alang with cocutured axplanted blocks
of human spleen. Aher five days af con:
tinuous culture, some of the labeled
lymphocytes have migrated from the
cutture medium lo take up residence In
the spienc rcrognvironment,
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Human prostate tissue maintained in the RWY bioreactor for
four weeks of continyous cullure undsr simulated microgravity
conditions, M&E stain. Onginal magnification X 100.

Upper ket panal, Frozen section taken on the third day of tissue
curure.

Uppar right pansl, Paratfin-errbedded section taken after 15
days. A marked de novo epithalialization has oocurred around
the explanted tissus blocks, and numerous large corpora amy-
lacea suggest a tunctional preservation of the tubuloglandular
elements.

Left pans!, After 28 days there w spparent formation of new
tubuloglandular structures from the surrounding eprthselium,
with a proliferetion of cells in the fibromuscular strorna.

Tissue Engineering bone marrow stern cells to replace
1s the Most Recent defective genes with normal ones
Application that can be expressed in the hem-

atopoietic comnpartment. Unfortu-
nately, hematopoietic stem cells
are difficult to igolate, and trans-
fection of these cells with normal
genes is an nefficient process. Fur-
ther advances will likely require a
different type of warget cell.

In this respect, the hepatocyte
seems to be an ideal candidate. The
possibility of forming stable long-
term liver tissue equivaleats from
human hepatocytes 1s currently

Tissue engineering ia the growth
and modification of human tissues
within the cantext of their normal
three-dimensional microenviron-
ment, with the gim of implanting
such tisxues hack into the body.
Recant research suggests that the
unique apvironment provided by
the RWV bioreactor facilitates the
growth and continued function of a
nurnber of different tigsue explants,
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and it is conceivable that genetic
wmudification of suck explants might
evantually be ured to treat childrean
born with enzyme deficencies.
Gene therapy experimeants to
date have focused on the use of

being studied by Boris Yoffe and
his colleagues at Baylor College of
Medicine. Partially punfied heps-
tocytes and biliary epithelial celle
are successfully co-cultured as self-
forming agpregaws wroanged oc a
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polymer scaffold and have persisted
for up to 60 days under RWV cul-
ture conditions. These three-dimen-
sional liver tissue equivalents de-
velop proliferating hepatic cords
and new bile ducts, as well as new
vascular endothelial structures.

It is cooceivable that further re-
search may eventually allow these
liver tissue equivalents to be gene-
tically engineered and subjected to
8 process of initial vascularization
in the RWYV bioreactor before they
are transplanted back into the body
to repalr certain inbern errors of
metabolism in buman patients.

romotion of spinoff applica-

tions of NASA technology has
always been a part of the American
space program, and NASA scien-
tists have made significant contri-
butions to telemedicine, physiologi-
cal monitoring, cell and radiation
biology, biosensors, and laboratory
instrumentation and automation.

SCIENCE & MEDICINE
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The unique ¢ell culture environ-
ment provided by the RWV bioreac-
tor has prompted NASA to license
the technology for commercial ap-
plications. Complete selfcontained
versions of the bioreactor are being
sanufactured by Synthecon, Inc,,
a Houstan biotechnology company.

These biorsactors will enable even

small laboratories to conduct tissue
research under simulated micro-
gravity conditioss. Also, VivoRx of
Santa Monica is uxing RWV tech-
nology &s a strategy to grow large
nuwmbers of insulin-secretmg human
pancreatic islet cells for use in clin-
jcal trials.

The number and variety of on-
going research and application pro-
grams make it likely that NASA’s
rotating wall vessel bioreactor will
eontinue to generate useful infor-
mation about the structure and
function of normal tissues and the
pathogenesis of a wide variety of
important human diseases.

)5t

P01

Norma! human lung tissue grown in
the RWYV biareactor for 10 days shows
praservation of alveolar sac walls. H&E
stain. Qriginal magnttication X 400.

The Synthecon sclf-contained AWV
bioreactor is desgned to enable smaller
laboratones to culture celis and tissue
under simulaled microgravity conditions.
The apparstus is designed to be placed
inside a humidified CO; Incubator.

Scptamher 1992,

chemutry 51:290.300, Novembees | 9083

RECENT REVIEWS
Ray P. Schwntz, Thomas J. Goodwin, and David A Wall: C<ll calvurs for
threedimensional grodeling in rotating wall vessads: An spplication ol
sinulated micragravity. Jrernal of Tiesus Culrure Methods 14:51-58,

J. Milbugn Jeesup, Thamas J. Goodwin, and Glen T, Speuldng: Provpects
for une of pucropranty-hased tiereactons e study three-dirmanmonal
hest-tunet ipteractioms io human neoplarnia Jowrnsl of Crlivlor Bio-

Thotnas J. Goodwin at Al., In Vitra Cellular Devctopmental Biology
28A:47.60, January 1992, [Morphologic difforentiation of colon cardno-
ms cell hine in Tolating well vesssls.;

Marian L Lewip ot a1,
March 19R3. {An in vitro aadivary gland cdl cultare mndel.]

Thomas J Cootwin et al.. Journo! of Colllor Brochemustry 51:301-306,
March 1803, [Reduced shear stros in rimalated rocrogravity ]

Steven J. Hetfll ot al., Coll Vieton 3.997.40], Noverrtey 1996. (Mainte.
nane of normal and puthological human slivary gdand neste |

ORIGINAL FPAPERS 7

Journal of Cellulor Bincheenistry 61:265-278,

Mav/June 1997

£R



